Abstract The low power arc plasma is characterized by extremely high enthalpy and temperature and it is easy to generate and control, and thus thermal decomposition process based on the plasma torch is receiving a great attention for decomposing non-degradable greenhouse gases. In order to elevate the economic feasibility, the effects of input power, waste gas flow rate and additive gases on the destruction and removal efficiency (DRE) of NF3 are examined. Specific energy density (SED) deceases as the flow rate increases, and accordingly, the DRE is reduced. The DRE is basically determined by the specific energy density. The highest DRE of NF3 was 97% for the waste gas flow rate of 100 L/min at a low input power level of 2 kW with the help of hydrogen additional gas. The inlet and outlet concentration of NF3 was analyzed using Fourier transform infrared spectroscopy (FT-IR) for DRE of NF3 evaluation. As a result, large amount of NF3 can be efficiently decomposed by low power arc plasma systems.
Introduction
Recently, nitrogen trifluoride (NF 3 ) has been widely applied in the semiconductor and display industries instead of other perfluorocompounds (PFCs) which are grave greenhouse gases. NF 3 has many advantages such as less wear of tools, high selectivity, high etching rate, relatively good chemical stability, excellent electrical characteristics and low contamination. Especially, NF 3 has much lower atmospheric lifetime of 740 years than other PFCs such as CF 4 , C 2 F 6 and SF 6 that have atmospheric lifetimes of 50000 years, 10000 years and 3200 years, respectively [1, 2] . However, NF 3 has a high global warming potential as much as 17800 times higher than that of CO 2 [2] . Therefore, an efficient treatment process with a sufficiently high decomposition and removal efficiency (DRE) of NF 3 is required.
There are several methods to treat PFCs including chemical adsorption, catalyst decomposition, and combustion [3∼8] . Although these methods have been used for a long time, they have some disadvantages such as low decomposition rate, high operation cost, large-sized equipment and production of secondary pollutants. On the other hand, a thermal plasma method for waste treatment can easily achieve high DRE of PFCs without the generation of harmful byproducts in a compact system composed of a plasma torch and a decomposition reactor. The thermal plasma provides high enthalpy, high temperature of several thousand degrees and rapid quenching rate of 10 4 ∼10 6 K/s to control the chemical reactions in the thermal decomposition process [9, 10] . For this reason, the thermal plasma technology is receiving a great attention in the field of waste treatment including PFCs abatement. However, it has still a main drawback of large consumption of electricity. According to a report, high input power about 40 kW was required to achieve 99% DRE of PFCs which is carried by a waste gas flow of 200 L/min [11] . Different to conventional thermal plasma waste treatment system, waste gas in this study was directly introduced into the plasma torch without any additional decomposition reactor. Therefore, an energy efficient process was achievable with the decomposition of waste gas in the high temperature plasma region of the arc discharge channel. The ranges of input power and waste gas flow rate used in the present work were from 2 kW to 3 kW and from 70 L/min to 150 L/min, respectively. In order to treat PFCs efficiently with the low power thermal plasma, the effects of arc plasma power, waste gas flow rate and additional reactive gases on the DRE of NF 3 were examined in the present work.
Experimental setup
A schematic diagram of the experimental system used here is shown in Fig. 1 . The plasma torch consists of two copper electrodes that are composed of a flat disc shaped cathode and a nozzle shaped anode. The gap distance of two electrodes is 1.75 mm and the inner diameter of the anode nozzle at torch exit is 34 mm. In comparison with a conventional plasma torch, the plasma torch used in this work has a distinct feature that a mixture of N 2 and NF 3 gases is directly used for plasma generation. The reason is to increase the NF 3 decomposition rate without heat dissipation to the ambient gas surrounding the torch, because the inner region of the plasma torch offers an extremely high temperature to decompose NF 3 efficiently. The additional reactive gases of H 2 and O 2 are also introduced into the plasma torch to influence the waste treatment process in the region where NF 3 is decomposed. Plasma forming gases are mixed in a gas supply line, and they enter into the plasma torch in the peripheral region of the cathode with a tangential flow direction. All of the working gases are precisely controlled by using mass flow controllers (Model 100 Samrt-Trak, Sierra), and the concentration of inlet NF 3 was fixed at 5000 ppm throughout the experiment. A DC power source is employed to supply an input power of 2∼3 kW depending on arc current and plasma forming gas flow rate. P in and P loss are input power of plasma and power loss by coolants, respectively. The input power minus the power loss was defined as the net power. An oscilloscope (TDS3012C, Tektronix), high voltage probe (P6015A, Tektronix) and current probe (TCPA300/TCP303, Tektronix) were used for analyzing arc voltage and current behavior. The reacted gases are analyzed by the Fourier transform infrared spectroscopy (FT-IR, IG-2000, Otsuka Electronics). A ring blower depressurizes the inner chamber atmosphere at 99.8 kPa and exhausts the treated gas into the air through a water scrubbing system. In order to find the thermal efficiency of the plasma torch under different operating condition, resistance temperature detector sensors and a water flow meter were used to measure the temperature of inlet and outlet coolants and the flow rate, respectively. Fig. 2 presents the net power of thermal plasma and the specific energy density versus the plasma forming gas flow rate at the fixed input power of 3 kW. In order to evaluate the net power of thermal plasma, the thermal efficiency of the torch (η) was calculated from the following equation;
where, P in is the input power (W), T out is the outlet coolant temperature (K), T in is the inlet coolant temperature (K), C pw is the specific heat capacity of water (
, andṁ is the mass flow rate of cooling water (g/s), respectively. Thermal efficiency of the torch was linearly improved from 60% to 66% when the plasma forming gas flow rate was increased from 70 L/min to 150 L/min. Therefore, the total net power of thermal plasma jet is proportional to the flow rate of waste gas. However, the specific energy density that means the net power for unit gas flow rate is reduced with increasing waste gas flow rate, as shown in Fig. 2 . As a result, relatively high DRE of NF 3 would be expected at the low flow rate of waste gas rather than at the high flow rate of waste gas for a fixed input power. The effects of total gas flow rate, electric power, and additional reactive gas on the NF 3 decomposition process have been investigated in the present work. First of all, the total gas flow rate was controlled to vary between 70 L/min and 150 L/min at the fixed input power of 3 kW without an additional reactive gas. And then, input power was changed from 2 kW to 3 kW at the constant waste gas flow rate of 100 L/min and the reactive gas was not added too. Finally, the effects of additional hydrogen and oxygen on the DRE of NF 3 were examined by changing the addition flow rate from 1 L/min to 5 L/min at the fixed total gas flow rate of 100 L/min. From the measured data by FT-IR, the DRE of NF 3 (DRE) was calculated as follows:
where C i,NF3 and C f,NF3 are the initial and the final concentrations of NF 3 before and after the plasma treatment, respectively.
Results and discussion
For the calculation of thermodynamic equilibrium amount of NF 3 and additional gases according to temperature, the thermodynamic calculation software (FactSage, CRCT and GTT-technologies) was used [12] . Fig. 3 shows the thermodynamic diagram of NF 3 and additional gases in temperature range from 300 K to 1500 K. The diagram shows that NF 3 is easily decomposed at high temperature, and a large amount of fluorine gas was generated during the decomposition reaction. According to Fig. 3(a) , NF 3 starts to be decomposed at 700 K and it is completely decomposed at 1300 K. Fig. 3 (b) presents that NF 3 and H 2 react easily at low temperature. Most part of NF 3 was converted to HF, and a small amount of fluorine gas was generated above approximately 900 K. Fig. 3(c) is the diagram of NF 3 decomposition reaction by O 2 addition. It shows that ONF and fluorine gas was generated by reaction of NF 3 and O 2 , and NF 3 is converted to ONF and fluorine gas above about 500 K. According to the results of thermodynamic equilibrium calculation, NF 3 can be decomposed at a lower temperature through chemical reactions using addition of O 2 and H 2 than directly thermal cracking. The necessary power to elevate gas temperature until decomposition temperature of NF 3 is presented in Fig. 4 . The necessary power (P req ) was calculated as:
where, H N2,1300 and H N2,300 are nitrogen enthalpies (J · mol −1 · K −1 ) at the decomposition temperature of NF 3 and at the room temperature (for injected waste gas). In addition,V and V are the volumetric gas flow rate (L/min) and the molar volume (L/mol), respectively. Since process gases in this system were nitrogen in almost all experiments, enthalpy differences of NF 3 and reactive gases from N 2 were vanished. The thermal efficiency of the plasma torch was linearly increased from 60.5% to 65.7% with increasing waste gas flow from 70 L/min to 150 L/min. Therefore, the necessary input power for the complete decomposition of NF 3 is evaluated to vary between 2.1 kW and 4.8 kW according to the flow rate of waste gas.
The effect of total gas flow rate on the DRE of NF 3 was experimentally investigated after the calculation of required input power level. The gas flow rate is related to the necessary power to achieve the decomposition temperature and the residence time of NF 3 in the high temperature region. Fig. 5 shows the measured DRE of NF 3 according to the total gas flow rate at the fixed electric input power of 3 kW. The highest DRE of about 90% is achieved at 70 L/min, and the DRE is decreased with increasing total gas flow rate. Because the increased gas flow rate requires more input power to achieve the thermal decomposition temperature of NF 3 , though the thermal efficiency of the plasma torch is slightly increased with increasing gas flow rate. In addition, large amount of gas flow reduces the residence time of NF 3 in the plasma torch. Fig.3 Thermodynamic equilibrium diagram for NF3 and additional gas composed of (a) NF3, only (b) NF3+H2, and (c) NF3+O2 versus the temperature Fig.4 Necessary power to increase gas temperature from the NF3 decomposition temperature of 1300 K for different total flow rates According to Fig. 5, 3 .25 kW is required to decompose NF 3 completely at the highest waste gas flow rate of 150 L/min. The measured DRE of NF 3 at the fixed input power of 3 kW, however, is as low as 63.6% due to the insufficience of net plasma power, considering the heat loss of the plasma system. As shown in Table 1, the net power of thermal plasma was 1.94 kW in the case of 150 L/min gas flow rate and 3 kW input power. Accordingly, the insufficient net power of thermal plasma with low specific energy density leads to the low DRE of NF 3 . On the other hand, the measured net power of 1.82 kW is higher than the necessary power of 1.52 kW for the complete decomposition of NF 3 in the case of 70 L/min. Although the case of 70 L/min shows the highest DRE in Fig. 4 , the experimentally measured DRE of 90.5% is lower than the expected DRE of 100% in the calculation of necessary power. The reason of such discrepancy could be explained by the steep temperature gradient in the arc thermal plasma. Since the heat source of arc thermal plasma is the Joule heating, plasma temperature is decreased as the distance from the arc channel increases. On the contrary, in Fig. 4 the necessary power was calculated under the assumption of a uniform temperature distribution. For this reason, relatively low DRE of NF 3 was measured even in a sufficient net power condition. The effect of input power on the DRE of NF 3 is shown in Fig. 6 . The input power was controlled to vary between 2 kW and 3 kW at the fixed waste gas flow rate of 100 L/min. The DRE of NF 3 is linearly increased with increasing input power because the specific energy density is increased. In order to achieve high DRE over 90%, however, too much input power over 3 kW is required. Therefore, the increase of the DRE of NF 3 was attempted with additional reactive gases at fixed input power level and total gas flow rate. In order to investigate the effects of additional reactive gases, abatement experiments were carried out in the presence of hydrogen and oxygen, respectively. According to the analysis of thermodynamic equilibrium, main reactions and Gibbs free energies related with the decomposition of NF 3 were expected as follows:
Here, the temperature was assumed to be 1000 K which is corresponding to the input power level and total gas flow rate of 2 kW and 100 L/min, respectively. An efficient decomposition of NF 3 with the help of H 2 and O 2 is expected from their distinctly low Gibbs free energies compared with that without an additional reactive gas. Fig. 7 shows the DRE of NF 3 in the presence of H 2 and O 2 at the fixed total gas flow rate of 100 L/min. The DRE of NF 3 is rapidly elevated by adding H 2 and O 2 as expected in the calculation of Gibbs free energy. As listed in Table 1 , the input power is increased from 2.00 kW to 2.73 kW with increasing O 2 flow rate from 0 L/min to 5 L/min, while it was slightly increased to Fig.7 DRE of NF3 versus additive gas flow rate at fixed total gas flow rate of 100 L/min 2.05 kW in the case of H 2 addition. The oxidation of electrode surface is believed to be the reason of enhancements of arc voltage and input power level. The measured DREs of NF 3 in different additional gas species of H 2 and O 2 are similar at the same flow rate, though relatively large amount of input power is used in the case of O 2 . Because the chemical reaction between H 2 and NF 3 is more active than that for O 2 , as predicted in the calculation of Gibbs free energy.
In Fig. 8 , the measured FT-IR absorption spectra after the plasma treatment were compared for different working conditions. In order to compare at the same input power level, 1 L/min reactive gases of H 2 and O 2 was added, and then the results were compared with those in the case with no gas addition. Because mono atomic molecules are not detected by FT-IR, it was assumed that most of fluoride atoms were converted to the fluorine (F 2 ) molecules [5] . In the case of O 2 addition, small amounts of nitrous oxide (N 2 O) and nitrogen dioxide (NO 2 ) were generated. As predicted in Eq. (5), byproduct of HF was generated in the presence of H 2 . Although HF is a kind of toxic gas, it can be easily treated with the water scrubbing system. Fig.8 FT-IR spectra after plasma treatment under different working gas conditions at the same input power level of 2 kW and the fixed total gas flow rate of 100 L/min
Conclusions
The non-degradable greenhouse gas of NF 3 diluted with nitrogen was decomposed by the low power arc plasma. The total gas flow rate was changed from 70 L/min to 150 L/min, and the input power was controlled to vary between 2 kW and 3 kW. The DRE of NF 3 which was evaluated by FT-IR analysis is increased with decreasing waste gas flow rate as well as with increasing input power. Additive gases have a significant effect on the thermal decomposition of NF 3 . The DRE of NF 3 is sharply increased by adding a small amount of reactive gas. In the experiment, about 60% of DRE without reactive gas was jumped to over than 95% by additional reactive gases of 5 L/min. The input power level was almost constant with H 2 addition, while it was increased with increasing flow rate of additional gas O 2 . Therefore, energy efficient process was achieved by adding H 2 reactive gas in the decomposition of NF 3 . As predicted in the chemical equilibrium calculation, HF that was converted from NF 3 with the help of H 2 was detected in the FT-IR measurement. From the results of this study, the low power arc plasma with the help of chemical reactive additive is expected to serve as a promising apparatus for effective treatment of NF 3 with a high energy efficiency.
